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ABSTRACT 
We reveal how substrate surface defects hinder the mobility of sub-monolayer organic absorbates 
on a metal surface with the model CuPc/Cu(111) system. Post-deposition annealing bonds CuPc 
molecules into dendrite-like clusters that are often mobile at room temperature. Substrate surface 
defects create energetic barriers that prevent CuPc cluster motion on the metal surface. This 
phenomenon was unveiled by the motion of small clusters that show rigid-body diffusion solely 
in the available space in between defects. When clusters are sufficiently surrounded by defects, 
they become completely pinned in place and become immobilized. 
KEYWORDS: surface defects, on-surface synthesis, CuPc, Cu(111), scanning tunneling 
microscopy, density functional theory 
 
I. Introduction 
Synthesis of low dimensional materials from molecular building blocks is a rich and promising 
area of molecular nanotechnology [1,2]. A common route for material synthesis involves 
facilitating covalent bonding between precursor molecules on an atomically flat substrate through 
an annealing treatment. The substrate, often a transition metal, assists in the reaction by limiting 
the adsorbed molecules to the 2D surface and may act as a catalyst by providing adatoms for 
reaction intermediates [3-5]. One practical challenge with these coupled self-assemblies lies in 
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determining the fundamental mechanisms and interactions that are important in the design of the 
formed polymer or oligomer. Discovering what controls these factors may lead to new physical 
and chemical insights in low dimensional systems. For instance, it has been demonstrated that 
polymer/oligomer morphology is greatly affected by changes in adsorbate surface mobility [6,7], 
temperature-dependent bonding mechanisms [8,9], and substrate temperature during precursor 
deposition [10]. 
Point defects on the substrate surface are overlooked in this synthesis process. While experimental 
preparation techniques have advanced to generate nearly ideal substrates, surface defects are 
almost always unavoidable. These defects may physically and chemically interfere with precursors 
and modify reaction mechanisms. Thus, these defects merit a careful investigation. In this paper, 
we investigate the role of surface defects through the study of annealed sub-monolayer (ML) 
copper-phthalocyanine (CuPc) on Cu(111) with scanning tunneling microscopy (STM) and 
density functional theory (DFT) stimulations. 
CuPc/Cu(111) is a model 2D π-conjugated molecule-metal system. Such systems form a variety 
of 2D structures [11,12] and have applications ranging from catalysis [13], molecular spintronics 
[14,15], and organic electronic devices [16,17]. Specifically, the CuPc/Cu(111) system has been 
extensively characterized across many techniques from sub-ML to multi-layer coverage across a 
large temperature range [18-30]. Room temperature (RT) STM experiments show that CuPc is 
highly mobile on noble metal (111) surfaces under 1 ML [21,28,29,31]. The STM tip measures 
the time averaged motion of CuPc across the surface as a diffusive background feature, as well as 
interference patterns from CuPc scattering around surface defects and step edge. Similar metal-
phthalocyanine (MePc)/metal systems [32-34] show evidence of C-C bond formation after 
annealing, however bond formation through annealing has yet to be investigated on CuPc/Cu(111). 
We find that annealing CuPc on Cu(111) yields dendrite-like clusters as a result of a 
dehydrogenation reaction that creates biphenyl links between molecules. CuPc appears to become 
immobilized after forming clusters, however, many smaller clusters diffuse and rotate on the 
Cu(111) terraces. Experimental observations and theoretical calculations demonstrate that clusters 
are immobilized by the energetic barriers created around surface defects that prevent CuPc 
diffusion over such defects. This reveals that the stochastic nature of surface defects can severely 
constrain the cluster’s surface mobility. Considering the significance of CuPc/Cu(111) as a 
prototypical system, we believe that these findings greatly add to the fundamental understanding 
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of on-surface synthesis and may promote further studies of phthalocyanines, porphyrins, and other 
2D π-conjugated molecules. 
II. Experimental and Theoretical Details 
Experiments were carried out in an RT ultra-high vacuum (UHV) STM chamber  with a base 
pressure ~3.0×10-10 Torr. The Cu(111) substrate was cleaned by alternating cycles of Ar+ 
sputtering at 0.85 KeV and annealing at ~773 K. Sputtering cycles lasted 20 minutes and annealing 
cycles varied from 10 to 50 minutes. CuPc was evaporated from a sublimated purified CuPc 
powder inside a direct-current heated quartz Knudsen cell. Current controlled deposition was 
monitored by an in-situ quartz crystal microbalance (QCM) and the deposition rate was measured 
to be ~0.15 ML/min. Post-deposition annealing occurred at ~573 K via a ceramic radiative heater 
placed on the back of the Cu(111) sample plate. This temperature was slightly higher than 
previously reported experiments on CuPc/Cu(111) that did not show bonding [22,23]. Post-
deposition annealing times varied from 15 to 30 minutes. Images were collected with Pt-Ir tips in 
the constant current mode and post-processed with WSxM [35]. 
DFT simulations were performed using VASP [36] with projector augmented-wave potentials 
[37,38], GGA-BPE functionals [39], and DFT-D3 and Becke-Jonson damping for van der Waals 
corrections [40,41]. Simulation details included a kinetic energy cut off of 500 eV and gamma 
point sampling (which is adequate due to the large super cells described below). Self-consistent 
calculations utilized a threshold of 10-4 eV/Å for force convergence and a threshold of 10-5 eV for 
total energy convergence. Further simulations details are included in ref. [42]. Four different 
Cu(111) slabs were created for DFT simulations. A 4 layer slab (10×10 Cu atoms) was used to 
model single CuPc adsorption and CuPc adsorption near a sulfur impurity. A 3 layer slab (10×15 
Cu atoms) was used to model CuPc-CuPc bonding and non-bonding interactions. A 4 layer slab 
(34 Cu atoms per layer) was created  to model the adsorption geometry of 1 ML of CuPc on 
Cu(111) (structure taken from ref. [27]) . A 370 atom Cu(111) step edge slab was created to model 
CuPc adsorption near step edges of the Cu(111) surface. This slab was a modified version of the 
4×10×10 Cu atom slab and featured a step edge along a close packed direction. STM simulations 
followed the Tersoff-Hamann theory [43]. 
III. Results and Discussion 
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An example of covalently bonded CuPc clusters created at 0.25 ML is shown in Fig. 1(a). These 
dendrite-like clusters are heavily branched, often extend across entire Cu(111) terraces, and are on 
the order of 50 CuPc molecules in size when not limited by step edges. Clusters are primarily 
formed out of two different intermolecular bonding orientations; a parallel orientation, shown in 
Fig. 1(b), where bonding lobes of the CuPc lie along parallel lines and an angular orientation, 
shown in Fig. 1(c), where bonding lobes lie 120 degrees apart. DFT simulations of these bonding 
arrangements are shown in Fig. 1(d) to 1(g) and they strongly support the formation of C-C bonds. 
STM simulations and Cu-Cu distances from DFT calculations match the experimental 
observations well. Additionally, the reduced C2v symmetry of the CuPc molecule is clearly visible. 
This symmetry is induced through interaction of the Cu(111) surface and can be observed as the 
bright and dark lobes seen on the CuPc molecules. C2v symmetries of MePc molecules are 
consistent with previous observations across (111) metal surfaces [19,30,44]. Prior theoretical 
calculations [45,46] have shown that brighter lobes align with close packed directions of the 
substrate. While the bonding lobes in Fig. 1(b) and the non-bonding lobes in Fig. 1(c) are slightly 
brighter, the opposite cases were also observed, albeit less frequently [42]. This suggests that CuPc 
orientation on the substrate has a negligible influence on the type of bond formed.  
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FIG. 1. (a) Annealed 0.25 ML CuPc on Cu(111) (500×500 Å2). (b)-(c) Specific parallel and angular bonding 
orientations (50×50 Å2). (d)-(e) Atomic model and STM simulation of parallel bonding. (f)-(g) Atomic 
model and STM simulation of angular bonding.  (h)-(j) Different CuPc-Cu adatom coordination structures 
(50×50 Å2). STM simulations at +0.9 V. Imaged +0.9 V and 0.5 nA. 
Each isoindole lobe of the CuPc molecule features two bonding sites on the peripheral carbon 
atoms, however steric hindrance limits each lobe to one bond only. These bonding orientations 
match the structures observed previously on CuPc/Ag(111) [32], FePc/Cu(111) [33], and 
ZnPc/Cu(100) [34] (parallel bonding only) which suggests that the formation of the biphenyl link 
is minimally dependent on the choice of metal center and metal substrate. The biphenyl link bears 
a similarity to, but is different from, the bonding observed with annealed octaethyl-tetra-aza-
porphyrin (OETAP) on Au(111) [10]. Post-deposition annealing transforms OETAP into 
phthalocyanine which become bonded together through naphthalene links. These naphthalene 
links place molecules closer together than biphenyl links and are inconsistent with our 
observations. Additionally, the benzene terminated lobes of CuPc are structurally and chemically 
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different from the ethylene terminated lobes of OETAP which are required for that specific 
reaction. Despite different bonding schemes, both surfaces show similar dendrite-like clusters. 
Interestingly, the Au(111) surface reconstruction appears to spatially confine the annealed OETAP 
clusters which preferentially grow in the FCC regions of the herringbone structure. On Cu(111) 
the CuPc clusters show no preferred morphology and tend to grow in all directions. 
In rare instances, CuPc-Cu adatom coordination was observed. Several seemingly hierarchical 
structures were formed as depicted in Fig. 1(h)-1(j). The lobes near Cu adatoms are adsorbed closer 
to the surface as they appear darker in STM images. It is likely that CuPc are stabilized by this 
interaction, similar to how single Ag adatoms have been shown to stabilize CuPc on Ag(100) [47].  
Different CuPc coverages were studied to measure changes in cluster size upon annealing. At 0.15 
ML, many smaller clusters were observed (compared to 0.25 ML) that were spread evenly over 
the surface. The smallest resolvable cluster contained three CuPc molecules. Surprisingly, repeated 
STM scans (~10 minutes per image) revealed rigid-body motion by a fraction of the clusters, 
including diffusion and rotations, as shown in Fig. 2. Cluster diffusion between several specific 
locations was frequently observed. Sometimes clusters moved several nanometers in between 
scans. Rotations, which were rarely observed, featured stable positions on the Cu surface that were 
roughly 60 degrees apart. This suggests that rotating clusters were aligning with close packed 
directions. When mobile clusters interacted with immobile clusters, as in Fig. 2(f) to 2(h), the 
CuPc-CuPc distances from the nearest interacting CuPc molecules were sufficiently large to 
conclude that they were not bonding to each other. Clusters bonded to CuPc at step edges, as well 
as clusters with CuPc-Cu adatom coordinate were observed to be immobile. 
 
FIG. 2. 0.15 ML CuPc on Cu(111) with post-deposition annealing. (a)-(e) Rotational configurations of a 
CuPc cluster (-1.0 V, 0.5 nA, 200×160 Å2).  Diffusion back and forth between different orientations was 
observed across 17 sequential images recorded over a 3.5-hour period. Translations by another cluster are 
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also indicated by blue arrows. (f)-(h) Interaction between different CuPc clusters across three sequential 
scans (-1.1 V, 0.5 nA, 250×200 Å2). 
The observed cluster motion was varied and complex. Mobile clusters were sometimes well-
resolved and other times noisy from scan to scan. Evidently, mobile clusters could be motionless 
or in motion while the STM tip was scanning directly above the cluster. In general, smaller clusters 
were more likely to be mobile. One possible explanation is that the larger clusters diffuse at slower 
rates due to their size and eventually, at a threshold size, become too large to move. However, this 
does not explain why some very small clusters (< 5 CuPc) were immobile yet many larger clusters 
(up to ~20 CuPc) were mobile. Possibilities of tip induced effects, such as a chemisorption 
mechanism [26,48-50] or local electric fields [51] are not likely as motion was observed at both 
scanning biases and no voltage pulses were applied from the tip.  
It is already understood that CuPc molecules on clean Cu(111) are highly mobile at RT at sub ML 
coverages. CuPc will diffuse on terraces and adsorb at step edges. An ordered 2D CuPc phase only 
becomes apparent to STM as the coverage reaches 1 ML and the second layer of CuPc only begins 
to form once the first ML is completed [27].  
To further understand cluster mobility, additional CuPc can be deposited on a surface with CuPc 
clusters without subsequent annealing. Thus, differences in mobility between clusters and single 
molecules is easily distinguishable in the same STM scan. Fig. 3 displays the annealed 0.15 ML 
CuPc surface before and after adding an additional 0.15 ML CuPc without annealing. In Fig. 3(a) 
noisy streaks, which are topographically the same height as the immobile clusters, are indicated 
with white arrows. The diffuse background created by highly mobile CuPc in Fig. 3(b) sits at a 
lower topographic height and is considerably different than the noisy streaks (see refs. [31,52] for 
more information). We attribute the noisy streaks to CuPc clusters – possibly bonded CuPc pairs 
– that were moving too quickly to be fully resolved by the tip. These streaks appear brighter than 
the diffusive background because they are diffusing more slowly than individual CuPc molecules 
and therefore spend a larger amount of time under the STM tip.  
8 
 
 
FIG. 3. Addition of 0.15 ML CuPc without annealing. (a) STM scan of annealed CuPc before additional 
deposition (-2.0 V, 0.1 nA, 600×350 Å2). (b) STM scan  after additional deposition of CuPc (-1.2 V, 0.5 
nA, 600×350 Å2). 
Single CuPc molecules also scatter off CuPc clusters. Regions devoid of the diffusive background 
around surface defects are also found around clusters. A few surface defects are indicated in Fig. 
3(b) with black arrows. Regions between defects that CuPc molecules are physically incapable of 
occupying show no diffusive background, giving the appearance of extended defect structures 
(more details in ref. [42]).  
A series of DFT simulations provides insights into the behavior of sub -ML CuPc on Cu(111) by 
measuring the change in CuPc adsorption energy across a variety of CuPc/substrate interactions. 
Fig. 4 displays the clear trend that CuPc is further stabilized by increasing the interaction with 
substrate atoms and is less stabilized upon increasing CuPc-CuPc interaction. When CuPc interacts 
at or near a step edge the adsorption energy is ~1 eV more stable. Isolated CuPc and monolayer 
CuPc occupy a range of roughly 0.48 eV due to the different possible positions of the molecules 
on the Cu(111) surface [42]. The adsorption energy begins to quickly drop as CuPc lobes are 
removed from the Cu(111) surface and forced to interact with other CuPc. CuPc in the 2nd ML are 
~2.65 eV less stable. 
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FIG. 4. Relative stability of CuPc across various interaction schemes. CuPc adsorption on Cu(111) is used 
as the reference energy. The energy ranges come from taking the range of adsorption energies from several 
different geometries (details in ref. [42]). Positive energies are more stable. 
These energies provide results consistent with the experimental observations. CuPc deposited onto 
Cu(111) at RT can further increase its stability by adsorbing at step edges. The ~1 eV increase in 
stability is larger than the thermal energy of CuPc as the molecules do not desorb from the step 
edges. When CuPc is deposited onto the post-annealed surface (with immobile CuPc clusters) no 
single CuPc molecules remain on top of clusters. If CuPc were to land on top of an immobile 
cluster, the CuPc would increase its energetic stability by transitioning off the cluster and onto the 
available Cu(111) surface. 
Repeated STM scans of the cluster plus single molecule surface, shown in Fig. 5, clearly show that 
the highlighted surface defects hinder cluster mobility. The clusters surrounded by defects outlined 
in white and red move within their defect free region from scan to scan and never move over any 
defects. The cluster surrounded by defects outlined in blue moves very quickly inside its defect 
free region, then appears to become freed from that space in Fig. 5(b) as the noisy streaks indicative 
of the cluster disappears. It is likely that this cluster squeezed through the two leftmost highlighted 
defects as a characteristic noisy streak is observed to the left of the defects in Fig. 5(c).  
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FIG. 5. (a)-(c) Sequential scans that track mobile cluster movement. From panel (a) to (b) the topmost 
cluster moves until it is pinned by surface defects outlined in white. Another cluster, enclosed by defects 
outlined with blue, disappears in panel (b). From panel (b) to (c) motion of another cluster is hindered by 
defects outlined in red. All imaged at -1.0 V, 0.4 nA, 300×180 Å2.   
Surface defects acting as pinning sites for CuPc cluster motion provide an adequate explanation 
for the observed cluster motion. Very small clusters should almost always be mobile as they would 
be able to move in between most surface defects. If a cluster is surrounded by a few defects, such 
as those surrounded by highlighted defects in Fig. 5, it is possible that motion is restricted to a 
small area. If surrounded by enough surface defects the entire cluster would become immobilized. 
As the cluster size increases, it is more likely to be surrounded by enough surface defects to 
immobilize the cluster. Due to the stochastic nature of surface defects, it is possible that some 
larger clusters remain mobile while smaller clusters are immobile. It is also likely that larger 
clusters diffuse more slowly on the surface. However, surface defects, step edges, and Cu adatom 
coordination appear to be the most important factors responsible for cluster immobilization. The 
importance of surface defects revealed here may have significant consequences across a large 
variety of molecule/metal systems. This mechanism may explain the mobility (and lack of 
mobility) in other cases of rigid-body diffusion of bonded molecules [10,53], especially those 
where the mobility of the molecular cluster largely deviates from that of individual molecules.  
Auger spectroscopy on Cu(111) single crystals prepared in a similar manner to our samples has 
revealed that sulfur is likely the primary surface contaminant [54]. Annealing cycles used in 
sample preparation enables sulfur to diffuse from the bulk to the surface. Fig. 6(a) and 6(b) display 
typical STM images of surface defects on Cu(111) before and after a tip change. Their observed 
morphology is characteristic of STM images of isolated sulfur deposited on Cu(001) [55], and not 
like the Cu2S3 complexes or reconstructed steps observed with sulfur deposited on Cu(111) 
[56,57]. Given the appearance of the defects in our data, we assume that isolated sulfur atoms are 
the primary surface defect responsible for hindering cluster motion. 
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FIG. 6. (a)-(b) Surface defects on Cu(111) before and after a tip change (-1,2 V, 0.2 nA, 120×80 Å2) (c) 
Relative adsorption energies of CuPc near and on top of S defects. (d)-(f) Three relaxed geometries of CuPc 
by S on Cu(111). 
DFT simulations of this type of defect reveal how cluster motion is hindered. Eleven different FCC 
and HCP sites were populated with a sulfur atom either underneath or beside an isolated CuPc 
molecule. The locations of these sites and the changes in adsorption energy, ΔEad, are shown in 
Fig. 6(c). Negative values indicate a less favorable adsorption configuration. Fig. 6(d) to 6(f) 
display the relaxed geometry of a few cases. Sulfur placed near the edge of the lobes show a slight 
increase in adsorption energy. However, these small changes are comparable to changes in energy 
as CuPc moves across the Cu(111) surface and theoretical activation barriers for CoPc diffusion 
on Ag(100) [58] and various MePc on Au(111) [59]. Thus, sulfur near CuPc minimally affects the 
molecule. Sulfur underneath CuPc however, is not favorable as it interferes with the adsorbate-
substrate interaction. The unfavorable adsorption of CuPc on top of sulfur demonstrates that CuPc 
molecules (and clusters) experience a significant energetic barrier as they try to move over a 
surface defect. In the case of single molecules this produces scattering patterns [26]. In the case of 
clusters this hinders motion in the xy-plane and can effectively trap clusters. 
IV. Conclusion 
A new mechanism is presented whereby molecular clusters are immobilized by substrate surface 
defects. Dendrite-like CuPc clusters reveal complex rigid-body mobility (and immobility) on the 
Cu(111) surface that is, to a first-order approximation, cluster size dependent but also subject to 
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stochastic randomness from the distribution of substrate surface defects. Surface defect pinning, 
in combination with substrate step edges, native adatoms coordination, and size dependent 
diffusion constants provide a complete picture of how and why mobile precursor molecules may 
combine into immobile polymers and oligomers. 
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